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^ (57) Abstract: Spatial processing of wideband and mail ti carrier signals in a mulupath environment is achieved by exploiting fre- 
^ quency diversity. The amplitude-versus-frequency profile of received signals is affected by multipath fading. Spatial separation of 
the transmitters results in tranmitted signals undergoing different fades. Providing the transmitted signals with unique amplitude-ver- 
O sus-frequency profiles ensures that received signals have different profiles, even when multipath fading is negligible. A diversity 
^ receiver separates the received signals into components and spatially demultiplexes the interfering signals in each of the frequency 
^ componets using cancellation, or constellation, correlation processes. 
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METHOD AND APPARATUS FOR USING FREQUENCY DIVERSITY TO SEPARATE 
WIRELESS COMMUNICATION SIGNALS 



5 Field of the Invention 

This invention relates to spatial processing of wideband signals in a multipart environment. 

Background of the Invention 

Beamforming is a technique for providing an array of transducers with directional receiving and 

1 0 transmitting capabilities. An antenna array can implement same-cell frequency reuse by processing 
signals according to their angles of arrival. Array processing enables spatial division multiple access, 
which is described in U.S. Pat Nos. 5,828,658, 5,642,353, 5,625,880, 5,592,490, and 5,515.378. 

An antenna array can be used to mitigate the effects of multipart fading. In a multipart 
environment, signals received by a mobile receiver have a rapidly changing signal power and a slowly 

1 5 changing mean value. The rapidly varying component can be characterized by Ricean or Rayleigh 

distributions. Spatial diversity is achieved by separating the antennas in an array, which mitigates fading 
because deep fades typically do not occur simultaneously at spatially separated antennas. The use of 
transmitting and receiving antennas to average the effects of fading is described in U.S. Pat. Nos. 
5,437,055, 5,513,176, and 5,577,265. 

20 Spatial interferometry multiplexing (SIM) uses multipart fading to improve spatial 

demultiplexing performed by an array. SIM is a cancellation technique that exploits spatial variations in 
the complex gain of signals received by the array. SIM is described in U.S. Pat No. 6,008.760, which is 
incorporated by reference. 

Frequency diversity mitigates signal loss due to deep fades. Frequency diversity is a superior 

25 means for combating multipart fading. Therefore, wideband protocols (such as the multicarrier protocols 
described in U.S. Pat Nos. 5,519,692, 5,504,783, and 5,563,906) offer benefits, such as reduced 
transmission power and minimum power variations in received signals. 

The implementation of a broadband array is substantially more complicated than spatially 
processing narrowband signals. Broadband beamforming weights need to be frequency dependent thus 

30 requiring frequency separation of antenna signals before application of the weights. Digital beamforming 
for antenna arrays is described in U.S. Pat No. 5,671,168. The development of the Fast Fourier 
Transform (FFT) and digital signal-processing microcircuits make it possible to implement digital 
beamforming processes. However, the complexity of array processing and the physical size of antenna 
arrays make arrays impractical for most mobile receivers. 

35 
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Spatial processing of wideband and multicarrier signals in a multipath environment is ach.eved 
by exploiting frequency diversity of signals received by an antenna. Received wideband signals consist of 
.any individual frequency-diverse signals. Each of the received signals transmitted by spattally separated 
uansnut sources have unique spatial gain distributions (complex amplitude profiles with respect to space 
or signal bandwidth) that depend on frequency-dependent multipath fades. Each spatially separated 
transmit source generates signals that undergo different fades. The frequency component of each 
transmitted signal undergoes a frequency-dependent fade. The present invention uses the relative s P at,al 
gain distributions of the received signals to separate interfering signals. 

It is the principle objective of the present invention to provide a novel and improved method and 
apparatus for processing spread-spectrum signals received by an antenna array. The foregoing ,s 
accomplished by using diversity parameters (such as directionality, space, time, polarization, frequency, 
mode, spatial subchannels, and phase space) to correlate a plurality of desired signals and decollate 
interfering signals received by the array. 

Correlation processing at antenna arrays allows a small number of antenna elements to separate a 
large number of unknown signal, Long Baseline Interferometry may be used to increase the number of 
resolvable signals that can be processed by the array. Consequently, an objective of the invent.on ,s to 
reduce the number of antenna elements needed for array processing of spread-spectrum s.gnals. 

The objectives of the present invention recited above, as well as additional objects, are apparent 
in the description of the preferred embodiments. 

Brief Description of th e Drawing 

FIG 1 shows a block diagram of a receiver of the present invention. 

FIG. 2 shows a frequency-diverse receiver and spatial demultiplexer for spatially demultiplexing 
received signals. 

FIG. 3 shows a spread-spectrum receiver system of the present invention that uses an antenna 
array and a correlator to decode received spread-spectrum signals. 

FIG. 4 is a plot of a carrier beam pattern and a correlation beam pattern of an array of receivers. 

FIG. 5 A shows two decollated direct-sequence signals arriving at an angle 9 f relative to an 
array having two spatially separated receivers. 

FIG. 5B shows two decollated noise signals arriving at an angle 9 ( relative to an array having 

two spatially separated receivers. 

FIG. 6 shows a relative time-domain representation of two time-offset samples of a spread- 
spectrum signal having a plurality of multipath components. 

FIG. 7 shows a process diagram for a diversity-based cancellation system. 

FIG. 8 shows a time-domain representation of a plurality of frequency-domain encoded signals. 

FIG. 9A shows a process diagram of a multiple-diversity communication system. 
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FIG. 9A shows an alternative process diagram of a multiple-diversity communication system. 

FIG. 10 illustrates a principle of nested interferometry. 

FIG. 1 1 A shows a frequency-diversity interferometry multiplexing system. 

FIG. 1 IB is a diagram of a cascaded interferometry system. 

FIG. 12 is a diagram of a spread-spectrum interferometer. 

FIG. 13 shows a redundant-carrier communication system. 

FIG. 14 shows a communication system that provides enhanced diversity and increased capacity. 
FIG. 1 5 is a diagram of a multicarrier receiver. 

FIG. 16A illustrates a reception system and method using coherence multiplexing. 

FIG. 16B illustrates a reception system and method using correlation. 

FIG. 1 7 is a diagram of a coherence-multiplexing receiver. 

FIG. 1 8 shows a multicarrier generator used in a transmission system. 

FIG. 1 9 is a diagram of a correlation receiver. 

FIG. 20A shows a multicarrier transmission system. 

FIG. 20B shows a multicarrier transmission system. 

FIG. 21 A is a diagram of a basic carrier-interferometry receiver that correlates multiple frequency 

components separated from a received signal. 

FIG. 21 A shows a basic carrier-interferometry receiver that processes incrementally phase-offset 

signals. 

Description of the Preferred Embo diments 

The present invention is based on the realization that any received signal can be separated or 
sampled to provide multiple frequency components and that information spread across the bandwidth of 
multiple wideband signals can be recovered if the signals have unique amplitude-versus-frequency 
profiles (frequency-dependent gain distributions). Frequency-dependent gain distributions of received 
signals differ if frequency-diverse (e.g., wideband) transmit signals undergo different fades in a muhipath 
environment Frequency-dependent gain distributions of received signals can differ by providing different 
frequency-dependent gain distributions to the transmit signals. The preferred embodiments illustrate 
examples of (1) separating multiple received signals into frequency components and (2) separating 
information streams from the frequency components by exploiting the frequency diversity of 
communication signals in a muhipath environment. 

FIG. 1 shows a block diagram of a digital frequency-domain implementation of the present 
invention. A continuous wideband signal xft) is received at an antenna 1 58. In an tf-user system, the 
received signal xft) is comprised ofN wideband components xjt). If a plurality of users (or transmit 
sources) are spatially separated in a multipath environment, N distinct communication channels can 
occupy the same frequency band. The continuous Fourier transforms (spectral components) of the 
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received signal are X(f). where /,</< f hl . The range of frequency /is denoted by center frequencies 
/, .../ w for a set of M adjacent frequency bins that span the frequency band of the received signal x(t). 

The received signal x(t) is digitized by an analog-to-digital converter 107 that samples the 
received signal xft, at equal time intervals at a rate of/,. The analog-to-digital converter 1 07 may be 
preceded by an anti-aliasing filter (not shown). The digital version of the received signal xft) is: 

The dieitized sienals x(k) are spectrally decomposed by a filter bank 1 56. In this case, the digitized 
signals x(k) are decomposed by an M-point Discrete Fourier Transform (DFT) into M frequency bins. A 
frequency bin represents the frequency band of each filter in the filter bank. The M-point DFT of x(k) is 
denoted by X(m>. where m=0 M-7. 

jr<m)« £'*.(■•) 

A spatial demultiplexer 206 weights and combines the spectral components X(m) to separate at 
least one of the /V-user signal components X„(m). The spatial demultiplexer 206 has a multiplying unit 
(not shown) where each digitized spectral component X(m) is multiplied by a weight w n (m). Each of the 
weights w„(m) corresponds to one or more weights required to separate a particular signal from the 
interfering TV- 1 signals. 

In a multipath-fading environment, signals s„(t) transmitted by each of the spatially separated N 
transmitters have a unique spatial gain distribution upon reception. Therefore, the frequency-dependent 
gain distribution of each of the received signals is unique at a particular spatial location. 

Open-loop and closed-loop methods may be performed by the present invention to estimate the 
channel characteristics used to determine weights v> n (m) that optimize signal separation. Closed-loop 
techniques use feedback from receivers to estimate channel characteristics. A probing-feedback method 
that allows an estimation of the instantaneous channel vector is described in U.S. Pat No. 5,471,647, 
which is hereby incorporated by reference. The probing-feedback method is further described in the 
following articles, which are also incorporated by reference: "Spectrum Reuse Using Transmitting 
Antenna Arrays with Feedback," Proc. International Conference on Acoustics, Speech, and Signal 
Processing, pp. 97-100, April 1994; and "Adaptive Transmitting Antenna Arrays with Feedback," IEEE 
Transactions on Vehicular Technology. Feedback from receivers in the present invention may be used to 
identify channel parameters and form the weights w„(m) by any optimal combining method, such as 
maximum ratio and equal gain combining. A method for minimizing crosstalk and reducing feedback in a 
closed-loop system is described by U.S. Pat No. 5,634,199, which is hereby incorporated by reference. 
The open-loop and closed-loop methods may be used in the present invention to provide power control, 
adjustment to transmit-signal gain distributions, and beam-pattern adjustment to transmitting units. 

4- 
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A SIM processor that provides a multistage weight-and-sum or equivalent matrix solution is 
illustrated in FIG. 2. A frequency-diversity receiver 157 separates received signals into a plurality of 
frequency bands and couples the frequency components to a spatial demultiplexer 206. The spatial 
demultiplexer 206 performs a weight-and-sum or equivalent operation to separate a number n of unknown 
signals from a number m of measurements. 

FIG. 3 shows a spread-spectrum receiver of the present invention. An array 140 including at least 
two receivers 140.1 and 140.N receives a plurality of signals s„(t) from a plurality of directions of arrival, 
such as directions 61, 62, and 63, in a communication channel (not shown). Different directions of arrival 
result in a plurality of different signal delays At, Signal responses of the receivers 140.1 and 140.N are 
output at one or more receiver outputs, such as outputs 160.1 and 160.N. The receiver-output signals are 
coupled into a plurality of correlators 161, 162, and 163. The output of each correlator 161, 162, and 163 
is coupled to a multi-user detector 103. The multi-user detector 103 may include a sampler (not shown) 
that samples the correlator output over a predetermined time interval such as the period of any 
information signal embedded in the signal s„(t). A decision system (not shown) may be employed to 
1 5 interpret or otherwise process signals output by the sampler (not shown). 

Three transmitted signals s,(t), s 2 (t), and s 3 (t) arrive at the array 140 from the directions 61 , 62, 
and 63, respectively. This simple case is shown for the purpose of facilitating an understanding of the 
Junction of the spread-spectrum receiver array. It will be appreciated that this understanding may be 
extended to more complex cases involving multipath components, distortions, noise, and large numbers 
20 of desired and/or interfering signals. The signals s,(t), s 2 (t), and s 3 (t) are assumed to be spread-spectrum 
signals, defined herein to mean any signal having a processing gain that exceeds one. It is preferable that 
the signals s,(t), s 2 (t), and s 3 (t) have high autocorrelation-to-cross correlation ratios (i.e., the signals are 
highly correlated with unsynchronized versions of themselves and substantially uncorrelated with other 
signals. It is preferable that the signals s,(t), s 2 (t), and s } (t) be substantially uncorrelated with 
25 unsynchronized versions of themselves. 

The angle of arrival 61, 62, and 63 of each signal s 2 (t), and s 3 (t), respectively, and the 
separation between the receivers 140. 1 and I40.N determines the relative delay At, of the signals entering 
the correlators 161, 162, and 163. If the relative delay At, between samples of a particular signal s„(t) is 
less than the inverse of the signal bandwidth, the samples of the signal s n ft) from each receiver 1 40. 1 and 
30 140.N will be correlated. Additional delays may be provided by either or both receivers 140.1 and 140.N, 
or by the correlators 161, 162, and/or 163 to adjust the correlations of the received signals. 

FIG. 4 shows a carrier beam pattern 40 and a correlation beam pattern 50 of an array 140 of 
receivers (or transmitters). The beam patterns 40 and 50 represent reception sensitivity or transmission- 
signal magnitude with respect to angular direction relative to the array 140. The carrier beam pattern 40 
35 has a main beam 41, a plurality of sidelobes (such as sidelobe 42X and possibly, secondary main lobes 
(such as secondary main lobe 43). The correlation beam pattern 50 has a main beam 5 1 resulting from a 
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correlation peak. The correlation beam pattern 50 does not have sidelobes, but it may have minor 

correlation peaks (not shown). 

Carrier beam patterns are well known in the prior art The main beam 41 results from a coherent 
combining of signals received by receivers in the array 140. Sidelobes result from minor coherences 
between received signals. Secondary main lobes (such as secondary main lobe 43) can result from a 
coherent combining of received signals from array elements that are separated by a large distance. 

Correlation beam patterns (such as beam pattern 50) result from variations of relative delay wrth 
respect to angle of arrival or angle of transmission. Ideally, the correlation beam pattern 50 does not have 
secondary main lobes for a particular spread-spectrum signal sjt) no matter how far the receivers are 
separated because the signal s„(t) is uncorrelated for relative delay magnitudes in excess of the s.gnal's 

s n (t) inverse bandwidth. 

The main-beam width of the correlation beam pattern 50 is much larger than the main-beam 
width of the carrier beam pattern 40 shown in FIG. 4 because the carrier frequency is typically much 
larger than the signal bandwidth. Reducing the beam width of the correlation beam pattern 50 is done by 
increasing the signal s n (t) bandwidth or by increasing the separation between receivers in the array 140. 
Long Baseline Interferometry (LBI) or Very Long Baseline Interferon^ (VLBI) are appropnate 
methods for carrying out methods of the present invention. In some cases, it may be advantageous to 
remove the carriers from each received signal before correlation. Removing the carriers or otherwise 
compensating for the carrier beam pattern can reduce the effect that coherencies between the earners have 
on correlation. 

FIG. 5A shows a direct-sequence signal s n (t) arriving at an angle 0, relative to an array 140 
having two receivers 140.1 and 140.N separated by a distance d. The path-length difference between the 
signal sjt) arriving at each of the receivers 140.1 and 140.N \&D, = d sin 9, The relative delay is At, = 
Dfa where c is the speed of electromagnetic radiation in the medium in which the array 140 is located. In 
this case, the delay At, exceeds the chip rate of the direct-sequence code in signal s„(t). Thus an applied 
delay of*, (which may be achieved by an additional effective path length D,) applied at receiver 140. 1 
will enable correlation of the signal s H (t) received by the receivers 140.1 and 140.N. 

FIG. 5B shows a noise signal s.(t) arriving at an angle 0, relative to an array 140 having two 
receivers 140.1 and 140.N separated by a distance d. Any appropriate processing method may be used to 
compensate for relative delays At, between signals received by the receivers 140.1 and 140.N. If the 
relative delay At, is greater than the inverse of the bandwidth of the noise signal, the received samples of 

the signal s„(t) will be uncorrelated. 

A notable characteristic of the receiver shown in FIG. 3 is that h uses only two elements to 
separate three received signals s,(t), sjt), and s,(t). The number of separable signals can be larger (in fact, 
much larger) than the number of receiving elements because each correlator 161, 162, and 163 is capable 
of generating an algebraically unique combination of received signals. In fact, any non-linear process may 

6 
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be used to generate an algebraically unique combination of received signals. In the present case, the 
signals s,(t), s 2 (t), and s,(t) are separable because different relative delays At, are used to characterize each 
signal mM. These relative delays At, are associated with different angles of arrival (such as 61. 62, and 63 
shown in FIG. 3). The relative delays At, may be associated with multipath phenomena that cause 
multiple reflections of a given signal s n (t) to arrive at a receiver at different times. Thus, a single receiver 
element may be used instead of a receiver array to separate multiple received signals and/or remove 
interference (and/or noise) from at least one desired signal s„(t). 

FIG. 6 shows a relative time-domain representation of two samples of a received signal s n (tj 
having multipath components. Two samples are obtained for three delayed versions of a received signal 
Sn (t). A first sample of received signals includes three multipath components 71, 72, and 73. Components 
72 and 73 have relative delays of At, and At,, respectively. A second sample of received signals also 
includes three multipath components 81, 82, and 83. Components 82 and 83 have relative delays of At 2 - 
At, = At, and At 4 - At, = At* respectively. The samples may be taken from separate receivers or one or 
more samples may be split (or otherwise replicated) from the first sample taken from a receiver. The 
second sample is time-shifted by an amount of At, so that component 72 lines up with component 81. 
This will cause components 72 and 81 to be correlated, whereas the other components will all be 

substantially uncorrelated. 

Noise at a correlator's output originates from several sources including environment and circuit 
noise, undesired signals, and desired signals having time offsets. Noise output due to environment and 
circuit noise is typically negligible compared to noise due to undesired signals (such as jamming and 
other interference). Before synchronization, or during imperfect synchronization, a part of the desired 
signal is output as noise. The amount of output noise depends on the degree of synchronization. When 
there is no synchronization (the reference and target signals are more than one code chip apart, or they are 
separated by more than the inverse bandwidth of a true noise or other wideband signal), the output 
produced is all noise. 

FIG. 7 shows a process diagram for a diversity-based cancellation system. Each of a number N of 
information signals s„(t) receive a plurality of weights in a weighting process 440. The weights may be 
deterministic or adaptive. The weighted signals are processed in a coding process 444, which may include 
the weighting process 440. The coding process 444 may include one or more transforms, such as DFTs, 
Fast Fourier Transforms (FFT), Walsh Transforms (WT), Hilbert Transforms (HT), Randomizer 
Transforms (RT), Permutator Transforms (FT), Inverse DFTs, Inverse FFTs, Inverse WTs, Inverse HTs, 
Inverse RTs, Inverse PTs, and any other reversible transform. The coding process 444 is a multicarrier- 
generation process. M coded signals are coupled into a communication channel 99, which may operate on 
the signals. Coded signals coupled out of the channel 99 are decoded in a decoding process 244 that may 
include at least one M-point transform. The decoding process 244, can be regarded as a muhicarrier- 
separation process. 



WO 01/03330 



PCT/USOO/18113 



A set of M decoded signals are coupled into an interference^ancellation process 250 that 
separates the desired signals s tt ft) from interference and outputs the separated desired signals sjt). The 
interference-cancellation process 250 may include cancellation, correlation, and/or constellation 
processes, as well as any type of multi-user or multi-channel detection processes. 

5 The diversity-based cancellation process shown in FIG. 7 is described in U.S. Pat. Appl. 

09/347,182 wherein the coding process 444 is an inverse FFT and the decoding process 244 is an FFT. 
The decoding process 244 produces M equations with N unknown signals s n (t). The M equations result 

. from detection (or separation) of the A/carriers. The interference-cancellation process 250 may provide 
signal analvsis using a different diversity parameter than the one or more diversity parameters that define 

10 the carriers. For example, frequency-diverse carriers may be summed and evaluated in the time-domain to 
separate information signals s„(t) encoded on the carriers. Weight-and-sum processes (or other types of 
cancellation) may be performed on the time-domain signals in order to remove interference and separate 
the desired signals s^t). 

FIG. 8 shows a time-domain representation of a plurality of frequency-domain encoded signals. 

15 Each pulse 1, 2, 3, 4, and 5 represents a Carrier lnterferometry (CI) signal having three (M=3) multi- 
frequency carrier signals. CI enables 2A/-1 quasi-orthogonal signals s^,(t) in the time domain, whereas 
carrier processing yields only M equations. Since the quality of quasi-orthogonal signals can be improved 
using multi-user detection (which can involve the same processes as interference cancellation), processing 
signals in a diversity-parameter domain that enables quasi-orthogonality of the signals being processed 

20 increases the capacity of the communication system. This realization may be extended to many different 
diversity-parameter domains. For example, many types of multicarrier-defined diversity-parameter 
domains (such as frequency) may be used to generate CI signals that can be processed in the time domain. 
One of the benefits of alternative diversity-parameter processing is that, in some cases, the benefits of 
both diversity and enhanced capacity can be obtained 

25 Different diversity parameters may be combined to increase capacity and/or diversity benefits in a 

communication system FIG. 9A shows a process diagram of a multiple-diversity communication system. 
A plurality N of information signals s„(t) are weighted in a plurality N of weighting processes 440.1 to 
440.N. Weighted information signals are coded by a plurality L of coders 444.1 to 444.L or the weighted 
information signals control the coding of carrier signals generated by the coders 444. 1 to 444.L. The 

30 coded signals are coupled into a communication channel 99. 

Coded signals are coupled out of the communication channel 99 and decoded by a plurality of 
decoding processes 244. 1 to 244.P. The decoded signals are coupled into a plurality of signal-separator 
processes 256.1 to 256.P. Each of the signal-separator processes 256.1 to 256.P generates a plurality of 
signals representing equations having a number N' of unknowns. A plurality of the signal-separator 
35 processes 256.1 to 256.P generates a number of equations that does not equal or exceed the number A/of 
unknowns. However, the number of equations generated by all of the signal-separator processes 256.1 to 

8 
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■>56.? mav equal or exceed the number N of unknowns. A second-stage signal-separator process 257 may 
be implemented to combine the equations generated by the signal-separator processes 256.1.to 256.P and 
explicitly determine the values of the information signals s„(t). 

FIG. 9B shows an alternative process diagram for a multiple-diversity communication system. A 
plurality N of information signals s n (t) are weighted in a plurality N of weighting processes 440.1 to 
440.N. Weighted information signals are coded by a plurality L of coders 444.1 to 444.L. The coded 
signals are coupled into a communication channel 99. 

Coded signals are coupled out of the communication channel 99 and decoded by a plurality of 
decoding processes 244. 1 to 244.P. The decoded signals from each decoding process are coupled into a 
plurality of signal-separator processes 256. 1 to 256.P. Outputs from the signal-separator processes 256.1 
to 256.P may be coupled to a second-stage signal-separator process 257. 

Signal coding (described throughout the specification) with respect to transmitter-side coding can 
involve encoding carrier signals with weights according to a signal profile (such as a spatial gain 
distribution at a receiver) that facilitates separation of multiple received information signals having the 
same carriers. Spatial gain distributions describe all effects that cause the complex amplitude or other 
signal characteristics to vary with respect to a diversity parameter (or signal space). Both wireless and 
guided-wave signals have spatial gain variations. In free space, spatial gain variations result from many 
environmental effects such as shadowing, roultipath, absorption, scattering, and path loss. Spatial gain 
variations can also be affected by a transmission system that controls beam shape, directionality, and/or 
polarization. Dispersion, reflections, attenuation, and amplification can affect spatial gain in a waveguide. 

Frequency gain variations can result from the frequency-dependent nature of spatial gain 
variations. Frequency gain is the complex amplitude-versus-frequency distribution of a frequency-diverse 
signal. Differences in the complex amplitudes of each frequency component of frequency-diverse signals, 
transmitted by different transmitters enable multiple access via cancellation, correlation, and/or 
constellation processing. U.S. Pat Appl. No. 09/347,182 describes the use of frequency diversity as a 
spatial processing technique that does not require an antenna array. Another benefit of frequency-diversity 
processing compared to spatial-diversity processing is that it does not rely on the fast-fading environment 
of the communication channel. Frequency-diversity multiplexing can be performed in any multipath 
environment. 

Frequency-diversity processing enables systems that have a small number of antennas to achieve 
frequency reuse and mitigate signal loss resulting from deep fades. Although it is counter-intuitive to 
redundantly modulate carrier signals when attempting to increase capacity, redundant-modulation 
techniques (such as frequency-diversity processing and CI) can provide improved capacity as well as 
diversity. In conventional multiple-access schemes, redundantly transmitting information in the frequency 
domain reduces bandwidth efficiency. Thus, a unique aspect of the invention is that redundant modulation 
with respect to a diversity parameter can achieve an increase in bandwidth efficiency. 
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FIG. 10 illustrates the use of nested interferoraetry to optimize capacity. Redundantly modulated 
carriers having different frequencies/;,/,, and/, are frequency-diversity processed at each spatially 
separated receiver S„ S 2 , and S,. Each receiver produces three equations having a number of unknown 
information signals. These equations can be linked together via spatial processing (which, in this case is a 
5 process of combining the equations) to create nine unique equations. Therefore, up to nine different 
unknown signals can be solved explicitly in this example. FIG. 1 0 may include additional axes (not 
shown) representing additional diversity-parameter dimensions that may be used for multiplexing, 

diversity, and interferometric combining. 

FIG. 1 1 A shows a frequency-diversity interferometry multiplexing system. A plurality of 
10 transmitters 100.1 to 100.M each includes a carrier-signal generator 102.1 to 102.M, a carrier-code 

generator 106.1 to 106.M, an information-signal modulator 104.1 to 104.M, and a coupler 150.1 to 150.M 
coupled to a communication channel 99. At least one receiver 200 is coupled to the communication 
channel 99. The receiver 200 includes a wavelength demultiplexer 201 coupled to a down-converter 205 
and an interference canceller 256. The down-converter 205 may include a decoder (not shown). 

Each carrier-signal generator 102.1 to 102.M generates a plurality of carrier signals that are 
distinguished by different frequencies </}./> .../-). It is assumed that each of the signal generators 102.1 to 
102.M generates a similar set of carrier signals. Each set of carrier signals is modulated by a plurality of 
carrier codes ( Cim ) from its respective carrier-code generator 106.1 to 106.M. Each set of coded carrier 
signals is modulated by one of the information-signal modulators 104.1 to 104.M before being coupled 

20 into the communication channel 99. 

The receiver 200 demultiplexes the received signals into wavelength (or frequency) components. 
Wavelength demultiplexing may include converting the received signals to electrical signals and 
performing digital-signal processing, such as Fourier transforms. Demultiplexing may also be performed 
using conventional optical-demultiplexing techniques. The demultiplexed signals are down converted to a 

25 common frequency band and coupled into a canceller 256, which separates the interfering signals using a 
cancellation, correlation, and/or a constellation method. 

Optimizing the separation quality of the received signals can be achieved by adjusting the carrier 
codes and the channel characteristics. Carrier codes are adjusted by any of the carrier-code generators 
106.1 to 106.M. Channel characteristics can be adjusted by adjusting transmission characteristics that 

30 affect the channel 99. In a wireless system, the directionality of a transmitting antenna determines the 
channel through which transmitted signals propagate. A known training sequence may be used to 
optimize the separation quality. The training sequence may be performed in a predetermined orthogonal 
channel, such as a time interval, spread-spectrum code, frequency band, directivity, phase space, or 
polarization. 

35 FIG. 1 IB shows a cascaded interferometry system that uses frequency-diversity interferometry 

multiplexing and SIM. The transmitters are the same as in FIG. 1 1 A. However, there is a plurality of 
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spatially separated receivers 200.1 to 200.M. Each of the receivers 200.1 to 200.M includes a separator, 
such as a wavelength demultiplexer 201 .1 to 201.M, coupled to a down converter 205.1 to 205.M. The 
outputs of the down converters 205.1 to 205.M are input to an interference canceller 256. 

Coded transmission signals that are coupled into the channel 99 have an amplitude-versus- 
5 frequency profile that depends on the coding of the carrier signals. As the signals propagate through the 
channel 99. their amplitude-versus-frequency profile can change. Signals may exhibit different amplitude- 
versus-frequency profiles at different locations in the channel 99. Signals in the channel 99 are expressed 
by the following equation: 

C,(x)5,(/) + C 2 (x)s i (t) + ... + C s (x)s„(l) 

10 CJx) is the amplitude-versus-frequency profile associated with the n* transmitted information signal sjt). 
The value of the amplitude-versus-frequency profile CJx) depends on a channel parameter x and the « ,h 
code applied to the signal sjt). The channel parameter x describes the state of the communication channel 
99 at a specific location in the channel relative to the location of the transmitter(s). Signals Rtf) received 
by a A* receiver are given by the following equation: 

15 J? t (r)=C,(x t )j,(/) + C 2 (x 4 )j 2 (0 + ... + C v (x i M0 

The amplitude-versus-frequency profile CJxJ of signals received by the A* receiver may depend on the 
location of the ** receiver relative to the transmitter^). 

The received signals RJt) are wavelength demultiplexed (e.g., separated into their component 
wavelengths or frequencies) into M component signals. The information signals sjt) are removed from 

20 the component signals or otherwise converted to signals having a common carrier frequency. The 
demultiplexing and down-conversion processes produce a plurality Mof component signals RU0 
representing combinations of the information signals s„(t). The component signals R^Jt) may represent 
either linear or nonlinear combinations of the information signals sjt). Preferably, the combinations are 
algebraically unique. 

25 An expression for a particular component signal R^ft) consisting of a linear combination of 

information signals s„(t) is represented by: 

jU0=(«u +«« +...+«»ViB+tat + A* +••+&*>:(')+ +Ca +•• +£*M') 

Each of the information signals sjt) has a series of scaling factors (W- U that depends on the 
amplitude-versus-frequency profile C„(x) applied to the carrier signals. The values of the scaling factors 

30 also depend on the effect of the communication channel 99 on the profile. The number N of scaling 
factors in each series is the number of signals sjt) transmitted by different transmitters. 

If there are K receivers, the number of component signals (equations) RtJO processed by the 
canceller 256 is K»M. If the number of algebraically unique equations input to the canceller 256 exceeds 
the number of unknowns (information signals sjt)), the unknowns can be solved explicitly. The output of 

35 the canceller 256 includes the separated information signals sjt). 
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FIG. 12 shows a spread-spectrum interferometer that can be used in a communication channel 99. 
At least two transmitters 100A and 100B transmit redundantly coded information signals s„0) that are 
received and decoded by at least one receiver 200. The received signals undergo interference cancellation 
to separate or estimate the information signals s„(t). 

A first transmitter 100A includes a signal modulator 104A that receives at least one information 
signal sjft) and provides a plurality of weights a, and a 2 to the information signal s,(t) to generate a 
plurality of weighted information signals. The weighted information signals may be used to modulate a 
plurality of spread-spectrum signals produced by a multicarrier-signal generator 102A wherein each of 
the spread-spectrum signals is a carrier. The spread-spectrum signals may be CDMA, Frequency Hopped, 
Time Hopped, hybrid spread spectrum, N-point transform, or any type of multicarrier spread-spectrum 
signals. The weighted information signals may be input to the multicarrier-signal generator 102A and 
processed to produce a plurality of spread-spectrum signals that are information coded. The information- 
coded signals are coupled into the communication channel 99 by a coupler 150A. In this case, the 
communication channel 99 is a wireless channel and the coupler includes an antenna 158A. The signals 
that are coupled into the channel 99 by the first transmitter 100A are represented by the following 
expression: 

C 1 (a 1 ^,(/))+C J (a 2 J 1 (0) 
A second transmitter 100B having the same general design as the first transmitter 100A couples a 
plurality of spread-spectrum carrier signals into the channel 99. Each spread-spectrum carrier signal is 
modulated with at least one weighted (B„ fc) information signal s 3 (l). The signals that are coupled into 
the channel 99 by the second transmitter 100B are represented by the following expression: 

c,(M(/))+Q(M(0) 

Spread-spectrum signals C, and C 2 represent different coded spread-spectrum signals. The 
spread-spectrum signals have characteristics that depend on their coding and the signals that they encode. 
Although two or more spread-spectrum signals (such as C,(a,s,(t)) and C,(fiiS,(t))) use the same code, the 
coded signals have values that depend on their arguments (a,s,(t) and frs,(t)). A coupler 150C that 
includes at least one antenna 1 58C couples the transmitted signals out of the channel 99 to provide 
received signals to the receiver 200. 

The values of the coded signals are realized upon decoding the spread-spectrum signals 
C ,(0,5,(0) and C,(fi,s 2 (t)) and separating mterfering signals. A decoder 222 decodes the received signals 
using a plurality of inverse spreading codes. If multiple information signals had been encoded with 
similar or quasi-orthogonal spreading codes, the process of decoding those signals produces multiple 
interfering information signals. The interfering signals are input to an interference canceller 256 that 
separates the signals using cancellation, correlation and/or constellation techniques. 
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The values o„ a„ pi. and applied to the transmitted information signals s,(t) and s 3 (t, 
represent any method of adjusting the information signals s,(t) and s 2 (t, to allow differentiation between 
decoded received signals. The step of adjusting the information signals s,(t) and s*) may result from the 
signals propagating in the channel 99. Differentiation may be achieved by any combination of 
interference cancellation, correlation, constellation techniques, filtering, and demodulation. 

FIG. 13 shows a redundant-carrier communication system in which a plurality of carriers are 
received and separated with respect to at least one diversity parameter and then processed and combined 
with respect to another diversity parameter. In particular, carriers that are defined by signal frequency are 
modulated with time-dependent or phas^dependent coded information signals. A signal consisting of the 
modulated carriers is received and separated into individual modulated carriers. The carriers are decoded 
and summed to recover the time-domain information signals. 

A transmitter 100 receives a plurality of information signals 5,(1), s 2 (t), and s 3 (t), which are split 
by a plurality of splitters 210A 210B, and 210C. The split signals are coded by a modulator 104 that acts 
upon a plurality of carrier signals produced by a carrier-signal generator 102. The carrier signals are 
coupled into a communication channel 99 by a plurality of couplers 150A, 150B, and 150C. 

At least one receiver 200 receives the coded and modulated carrier signals. At least one coupler 
151 couples the carriers out of the channel 99 to a carrier separator 221 that separates the received carrier 
signals. In this case, the carriers are defined by their wavelength (or frequency). The carrier separator 221 
may be a wavelength demultiplexer (not shown). The separated carriers are input to a weight compensator 
222 that applies inverse coded signals with respect to the codes applied to the carriers by the modulator 
1 04. The weight compensator 222 may compensate for variations of the code values resulting from 
distortion in the channel 99, the couplers) 150 and 1 51, the transmitter 100, and the receiver 200. 

A plurality of carrier signals having different wavelengths are combined in each of a plurality 
summing devices 255A 255B, and 255C. The summed signals are time-domain representations of the 
transmitted information signals sffl t stf), and s 3 (t). The summing devices 255A, 255B, and 255C may 
include signal processors to shape the summed signals or filter the resulting sums to remove interference 
and/or noise. The outputs of the summing devices 255A, 255B, and 255C may be coupled to a multi-user 
detector (not shown). 

One of the benefits of the receiver 200 shown in FIG. 13 is that it separates signals that interfere 
in at least one diversity parameter by processing the signals in a different diversity parameter. In this case, 
redundantly modulated carrier frequencies are combined and processed in the time domain to demultiplex 
multiple information signals modulated on the carriers. Separation of the information signals can be 
accomplished using a single-stage weight-and-sura processor and filters instead of a multi-stage 
cancellation network. 

FIG. 14 shows a communication system that provides enhanced diversity and increased capacity. 
A modulator 104 modulates a plurality of information signals sjt) onto a plurality of carrier signals 
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generated by a multicarrier-signal generator 102. In this case, the signal generator 102 produces earner 
signals having different frequencies/,,/,, and/. The modulated multicarrier signals are coupled into a 
communication channel 99 by a plurality of couplers 150A and 150B. In this case, the commun.cat.on 
channel 99 is a wireless RF environment. Each coupler 150A and 150B includes an antenna 158A and 
5 158B, respectively. The antennas 158A and 158B may be separate antenna elements or antenna-array 
processors (not shown). 

Modulated carriers may experience spatial gain variations (spatially dependent variations of their 
complex amplitudes) due to propagation effects (such as multipath, shadowing, path loss, absorption, and 
scattering) or transmitter 100 parameters (such as beam shape, carrier weights, information-signal 
10 weights, and scanning). Modulated carrier signals are coupled out of the channel by a plurality of 
couplers, such as antennas 158C and 158D. A receiver 200 separates and processes the information 
signals s n (t) modulated on the carriers. The receiver 200 may include a multi-user detector (not shown) 
and/or a diversity combiner (not shown). The receiver 200 may have a design similar to the receiver 

design shown in FIG. 1 1 A, FIG. 1 IB, and/or FIG. 12. 
15 One benefit ofthe communication system shown in FIG. 14 is that the use of redundantly 

modulated frequency-diverse carriers reduces the influence ofthe communication channel on the spatial 
gain ofthe received signals. For example, in a narrow band system (or OFDM system where different 
frequency bands carry different information streams), rapid variations occur in the received signals' gain 
due to changes in the signal paths between the transmitter 100 and the receiver 200. Changes in the signal 

20 paths can result from relative motion between the transmitter 100 and the receiver 200. Objects (such as 
reflector 160) that move in the communication environment can cause signal-path changes if these objects 
reflect signals that propagate between the transmitter 100 and the receiver 200. These variations in 
intensity occurs rapidly (especially at high frequencies) because path variations as small as a fraction of a 
wavelength can significantly effect the gain of the received signals. 

25 In SIM, weights in a spatial demultiplexer are set according to training sequences. Transmitted 

signals having predetermined values are received and used to calibrate the spatial demultiplexer. In a flat- 
fading environment, the spatial demultiplexer needs to be calibrated frequently. Frequency diversity 
mitigates flat fading. Information signals s„(t) transmitted on different carriers are combined in the 
receiver 200 to generate a plurality of composite information signals s '„(t). The signals 5 '„(0 are then used 

30 as carriers. Because frequency-selective fading has a minimal impact on the gain ofthe composite 

information signals s 'M large-scale fading effects (such as shadowing and path loss) may be relied upon 
to provide the composite information signals s' n (t) with predetermined spatial gains. For example, 
reflector 160 may provide a large-scale slowly varying effect, such as shadowing. The reflector 160 
blocks the direct path of a tnuismission from the transmit antenna 150B to the receive antenna 158D. 

35 Large-scale fading effects require less-frequent updates ofthe weights in the receiver 200 than 

small-scale, flat fading. Frequency diversity can reduce the effects of the channel 99 on transmhter- 
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controlled and receiver-controlled spatial gain distributions of the signals s '„«). The spatial gain 
distributions may be controlled by either or both the transmitter 100 and the receiver 200 using relative 
positions of couplers, coupler directionality, masking, polarization, or various combinations of transmitter 

and/or receiver control methods. 

The number of received signals that can be separated is related to the number of receiver 
couplers, the number of carriers, and the techniques used to detect and separate signals. For example, in 
time-domain processing, the signals may overlap each other. A simple multi-user detector (included in the 
receiver 200) may separate the overlapping signals to provide a substantial increase in bandwidth 
efficiency. Similarly, spectral overlap of orthogonal carriers improves the spectral efficiency of the 
communication protocol. Combining SIM (which separates signals received by spatially diverse, angle- 
diverse, or polarization-diverse receivers) and multi-user detection based on a different diversity 
parameter enhances capacity and/or diversity. 

FIG. 1 5 shows a receiver 200 that receives multicarrier signals and provides spatial diversity, 
frequency diversity, and enhanced capacity to spatial interferometry multiplexing. The receiver 200 has a 
15 plurality of couplers 150A, 150B,and 1 50C coupled to a communication channel (not shown) to generate 
a plurality of samples of multicarrier signals. The multicarrier signals received at each coupler 150A, 
150B, and 150C are separated by a diversity-parameter demultiplexer 210A, 210B, and 210C. 

In a wireless multicarrier system wherein each carrier is defined by its frequency, the 
demultiplexers 210A, 210B, and 210C include filter banks or frequency-separation processors that 
20 spectrally decompose the received signals into a set of frequency bins. A frequency bin represents the 
frequency band of a filter in the filter bank. Although the couplers 150A, 150B, and 150C shown in FIG. 
1 5 are spatially separated, the couplers 1 50A, 1 50B, and 1 50C may provide any type of diversity, such as 
spatial, directionality, polarization, path, phase-space, time, or code diversity. The couplers 150A, 150B, 
and 1 50C may be diverse in more than one diversity parameter. Similarly, the carriers may have any 

25 combination of diversity parameters. 

Carrier signals shown in FIG. 15 are represented as multi-frequency signals. These carriers (as 
well as carriers represented in other figures) may be coded. For example, a group of direct-sequence 
CDMA codes may be created from the appropriate selection of weights applied to each of the carriers. 
Although coded, the carriers are still redundantly modulated with information signals. The weight-and- 
sum systems 255A, 255B, and 255C shown in FIG. 15 may include one or more correlators (not shown) 
and/or one or more matched filters (not shown) for acting on either or both the time-domain and the 
frequency-domain signals resulting from the carriers. The receiver 200 in either FIG. 14 or FIG. 15 may 
perform multi-user detection between either or both the time-domain and frequency-domain coded carrier 
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FIG. 16A illustrates a reception system and method of the invention. A desired transmitted signal 
and at least one decode signal and/or at least one copy of the desired signal are coupled out of a 
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communication channel by an input coupler 306. A diversity decoder 307 separates the at least one 
decode sienal and/or the at least one copy of the desired transmit signal. The desired signal and at least 
one separated signal are correlated in a cross correlator 308. Optionally, a demodulator 3 1 8 may be used 
to demodulate the correlation signal. For example, the demodulator 318 may remove one or more carrier 
5 signals from the desired information signal. In FIG. 1 6B, a decoder 307 generates a decode signal that . 
coupled into the cross correlator 308 with a desired received signal. 

In coherence multiplexing, an information signal is encoded (e.g., modulated) onto a wideband 
radio signal. In one embodiment, multiple copies of the encoded signal are mapped into different values 
of at least one diversity parameter. In another embodiment, the encoded signal and a decode s.gnal are 
,0 mapped into different values of at least one diversity parameter. Mapping occurs at a transmitter, the 
communication channel, and/or at a receiver. Signals received by a receiver are separated with respect to 
their diversity-parameter values and correlated. Coherence multiplexing reduces receiver complexity and 
allows information to be recovered from true noise or chaos signals because a coherence-multiplex 
receiver does not need to generate a decode signal. 
,5 A receiver illustrated in FIG. 17 comprises a cross correlator 1408, a subcarrier demodulator 

1424. an input coupler 1400 including an antenna 1402, a variable-delay device 1403 implemented as a 
diversity decoder, and a microprocessor 2406. According to this embodiment, a transmitted signal s„(t) 
and at least one delayed transmitted signal s„(t + ri and/or at least one delayed decode signal djt + 0 are 
received by the antenna 1402, which passes the received signal to an RF amplifier 2408. The RF amplifier 
20 2408 amplifies and passes the received signal to the cross correlator 1408. 

The cross correlator 1408 can include a multiplier 2410, an amplifier 2414, an integrator 2416, 
and a sample-and-hold unit 2418. The sample-and-hold unit 2418 may include a timer (not shown) that 
generates timing signals to control sampling. The timer (not shown) may have properties (e.g., frequency 
and delay) of its timing signals controlled by the microprocessor 2406. 
25 The multiplier 2410 may be a double-balanced mixer adapted to operate in the linear mode. The 

multiplier 2410 linearly multiplies the received transmit signal with at least one delayed signal *0 + 
r) and/or d n (t + x) received by the input coupler 1400. A product signal output from the multiplier 2410 is 
buffered by amplifier 2414 and then integrated over time by integrator 2416. The integrator 2416 is 
essentially a low-pass filter of first order that is adapted to respond on a time scale similar to the width of 
30 a component of the received signal s n (t). Integrator 2416 outputs a signal to the sample-and-hold unit 
2418, which holds the peak value of the signal. The timer (not shown) may be delayed for proper 
triggering of the sample-and-hold unit 241 8. The timer (not shown) may be delayed to compensate for 
delay caused by the multiplier 2410, and the amplifier 2414, and for integrator 2416 settling time. 

Either a decode signal (such as decode signal d„ft + r» or a diversity-encoded (eg., delayed) 
35 transmit signal (such as delayed signal s n (t + ri) may be used to decode the received transmit signal s n (t). 
According to one embodiment the decode signal d tt (t + « is received from the communication channel 
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and delayed by the variable-delay device 1 403 before being combined in the multiplier with the received 
transmit signal sjt). 

The microprocessor 2406 may vary the delay of the delay device 1403 to optimize correlation of 
the received signals s„(t) and d„(t + ri. The delay device 1 403 may provide more than one delay in order 

5 to correlate more than two received signals. The delay(s) r may vary in time relative to changes in the 
communication channel (not shown), the receiver, and/or a transmitter (not shown). The microprocessor 
2406 may employ a feedback loop 2450 to track these changes and adjust the delay device 1403 
accordingly. The microprocessor 2406 may control the delay r of the delay device 1403 relative to a 
predefined code that characterizes a coded delay applied to the transmitted signals (such as the 

10 transmitted signals s„(t) and d„(t + r)) by a transmission system (not shown). 

In this example, the subcarrier demodulator 1 424, comprises a bandpass filter 2444, a phase- 
locked loop 2446, and a low-pass filter 2448. Additional subcarrier demodulators (not shown) may be 
used to separate additional modulated subcarrier signals having the same diversity characteristics of the 
signal s„(t) and one or more of its associated signals d„(t + t) and/or sjl + t). 

15 In an FM subcarrier embodiment, a phase-locked loop frequency demodulator is used. The 

characteristics of the phase-locked loop 2446 determine the bandwidth capture and other basic aspects of 
the received signal. The optional bandpass filter 2444 can be used in series before the phase-locked loop 
2446 to narrow the spectrum of demodulation performed by the phase-locked loop 2446. 

In this case, the bandpass filter 2444 outputs a filtered signal to the phase-locked loop 2446. The 

20 phase-locked loop 2446 outputs an in-phase estimate signal via a further low-pass filter 2449 to the 

microprocessor 2406. The in-phase estimate signal provides the microprocessor 2406 with an estimate of 
the amplitude of the subcarrier so that the microprocessor 2406 can assess the quality of signal lock. A 
demodulated output signal of the phase-locked loop 2446 is filtered by low-pass filter 2448, which 
outputs a demodulated information signal. 

25 Additional subcarrier modulation is achieved according to another aspect of the invention using 

pseudo-Manchester coding of digital data. It is referred to as -pseudo" because conventional Manchester 
coding performs digital decoding. According to the present invention, however, decoding of Manchester 
encoded signals is performed in the analog domain. The pseudo-Manchester encoding shifts digital 
information from the baseband to a frequency equivalent to an integral sub-multiple of the adjustable time 

30 base, or integer multiples of the time base. This achieves a coherent shift of digital data for proper 
recovery in the radio receiver. 

FIG. 1 8 shows a transmitter that includes an information source 347, a time base 343, a transmit 
module 351, and a coded multicarrier generator 344. The multicarrier generator 344 includes a code 
source 341, a carrier generator 349, a modulator 345, and a combiner 333. The carrier generator 349 

35 receives a timing signal from the time base 343 and generates a plurality of carrier signals that are 

weighted, modulated, or otherwise impressed with a code from the code source 341 . The coded carriers 
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are summed in the combiner 333 to generate a superposition signal. The multicarrier generator 344 shown 
in FIG. 18 may be used as a decoder 1402, as shown in a receiver shown in FIG. 19. 

Multicarrier processing can be used to create complex time-domain signals (such as DS-CDMA 
signals) in either or both transmitters and receivers while requiring a low clock speed. Multicarrier 
processing may be used in receivers to generate a reference or decode signal that is cross-correlated with 
a received signal. A received multicarrier or wideband signal may be separated into multiple carrier 
components (with respect to at least one diversity parameter). The multiple carrier components may then 
be processed to recover an embedded information signal, remove interference, and/or perform multi-user 
detection. 

FIG. 20A and FIG. 20B each show different implementations of a multicarrier transmission 
system A time base 343 provides a timing signal to a multicarrier generator 349. In the system shown in 
FIG. 20A, the carriers generated by a wideband source (such as a pulse generator 337) are filtered and 
separated into component frequencies by a filter 339. Each component frequency is weighted with a code 
weight by a modulator 345 and combined in a combiner 333 to produce a superposition signal. In the 
1 5 system shown in FIG. 20B, A time-domain signal generated by the multicarrier generator 349 receives 
differential delays by a plurality of delay devices 366a to 366N before being weighted and combined to 
provide a superposition signal Either system shown in FIG. 20A and FIG. 20B, without the information 
source 347 and the transmit module 351, may be used to generate decode signals in a receiver. 

A basic CI receiver for an m rt user is shown in FIG. 21 A. Signal components received from a 
20 communication channel (not shown) have various values of amplitude Am, and phase These values 
may vary between received signal components due to amplitude and phase profiles of the transmitted 
signals, effects of the communication channel on the amplitude A m and the relative phase of each 
received signal components, and any effects on the amplitude A^ and the relative phase caused by 
reception. Transmission and/or reception may be controlled to provide predetermined relative amplitudes 
25 and/or phases to the received signals. The relative values of amplitude^ and phase of each received 
component are taken into consideration (e.g., the relative values may be matched) when providing a 
cross-correlation signal to each component 

A CI receiver for an m rt user is shown in FIG. 21B. CI signals are coupled out of a 
communication channel (not shown) by a coupler 301. Information signals are extracted from each carrier 
30 by a plurality N of correlators 305a to 305N. The correlators 305a to 305N may include a filter bank (not 
shown). In this case, the correlators 305a to 305N project the received signals onto the orthononnal basis 
of the transmitted signals. The constant-phase value Afa for an m* user equals 2/zm/W. Correlators (such 
as the down-converters 305a to 305N) may additionally compensate for channel distortion and/or 
addressing. The correlators 305a to 305N may apply windowing and/or other filtering processes to the 
35 received signals. 
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Signals output from the correlators 305a to 305N may be integrated by a plurality of integrators 
314a to 31 4N over a symbol interval T s before being combined in a combiner 319. A decision device 355 
detects the combined signals. The decision device 355 may be part of the combiner 319. The decision 
device 355 may perform multi-user detection or multi-channel detection and may perform any 
5 combination of cancellation and constellation processes to determine the value(s) of received signal(s). 

In the preferred embodiments, several kinds of spatial interferometry are demonstrated to provide 
a basic understanding of diversity reception and spatial demultiplexing. With respect to this 
understanding, many aspects of this invention may vary. For example, the antenna array may be a 
multiple-feed single-dish antenna where each feed is considered to be an individual antenna element. A 

1 0 CPU may be used to perform the weight-and-sum operations or equivalent types of cancellation processes 
that result in separation of the signals. Additionally, a spatial demultiplexer may include combinations of 
space, frequency, time, directionality, mode, and polarization-diversity combining methods. Furthermore, 
constant-modulus signals may be transmitted in the communication system. Constant-modulus 
transmissions can simplify the spatial demultiplexing of received signals. In this regard, it should be 

15 understood that such variations as well as other variations fall within the scope of the present invention, 
its essence lying more fundamentally with the design realizations and discoveries achieved than merely 
the particular designs developed. 

The foregoing discussion and the claims that follow describe the preferred embodiments of the 
present invention. With respect to the claims, it should be understood that changes can be made without 

20 departing from the essence of the invention. To the extent such changes embody the essence of the 

present invention, each naturally falls within the breadth of protection encompassed by this patent. This is 
particularly true for the present invention because its basic concepts and understandings are fundamental 
in nature and can be broadly applied. 
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1 . A method for spatial demultiplexing interfering signals comprising: 
transforming an input signal into a plurality of spectral components, 

computing a set of weights for each of a plurality of channels with respect to channel fading, 
applying said weights to said spectral components, and 
5 combining the weighted spectral components to cancel co-channel interference. 

2. The method of claim 1 wherein the input signal is obtained by sampling at least one of a set of signals 
including a spread-spectrum signal, a multicarrier signal, code division multiple access signal, a 
discreet-time signal, and a continuous-time signal. 

3. The method of claim 1 wherein the input signal is a discreet-time input signal produced by sampling 
10 at least one received signal at a uniform sampling rate. 

4. The method of claim 3 wherein the received signal passes through an anti-aliasing filter before being 

sampled. 

5. The method of claim 1 wherein the discreet-time input signal is transformed into N spectral 
components using an N-point discreet Fourier transform. 

15 6. The method of claim 5 wherein the step of transforming the discreet-time input signal into the 
plurality of spectral components includes a spectral filtering step in which only non-redundant 
spectral components are passed. 
7. The method of claim 5 wherein the step of transforming the discreet-time input signal into the 
plurality of spectral components includes combining redundant spectral components. 

20 8. The method of claim 1 wherein the weights are complex valued. 

9. The method of claim 1 wherein the weights have time dependence related to changes in the fading 
environment. 

10. The method of claim 1 wherein the weights are determined by a training sequence. 

11. The method of claim 1 wherein the weights are determined by optimization. 

25 12. The method of claim 1 wherein the input signal is received from at least one antenna element 

13. The method of claim 1 wherein the discreet-time input signal is received from an antenna array. 

14. The method of claim 1 wherein the discreet-time input signal is a multicarrier signal wherein each 
carrier of the multicarrier signal has a different spreading code and the step of transforming the 
discreet-time input signal into the plurality of spectral components includes a step of decoding the 

30 multicarrier signal 

15. The method of claim 1 wherein the discreet-time input signal is derived from at least two receive 
signals transmitted by at least one transmitter wherein the receive signals are transmitted with 
different beam patterns. 

16. A method for spatial demultiplexing interfering signals comprising: 

20 
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transforming a discreet-time input signal that includes a plurality of interfering signals into a plurality 
of spectral components, the spectral components having differences in either or both amplitude 
variations and phase variations, and 

separating the interfering signals by processing either or both the amplitude variations and the phase 
5 variations of the plurality of spectral components. 

17. The method of claim 16 wherein the step of transforming the discreet input signals includes a step of 
separating a plurality of interfering information signals modulated on each of the spectral components 
and passing the information signals to the step of separating the interfering signals. 

18. The method of claim 16 wherein the step of separating the interfering signals involves a constellation 

10 processing method. 

19. The method of claim 16 wherein the discreet-time input signals are derived from a plurality of 
received signals, the received signals being transmit signals that have propagated in a free-space or 
guided-wave environment after being transmitted by a plurality of transmitters. 

20. The method of claim 19 wherein each of the transmit signals has a different amplitude-versus- 
15 frequency profile. 

21 . The method of claim 1 9 wherein a plurality of the transmit signals have amplitude-versus-frequency 
profiles that are adjusted to provide unique amplitude-versus-frequency profiles to the received 
signals. 

22. The method of claim 20 wherein at least two of the transmitters are co-located. 
20 23 . The method of claim 1 9 wherein the plurality of transmitters is an antenna array. 

24. The method of claim 1 9 wherein at least two of the transmitters have different beam patterns. 

25. The method of claim 24 wherein at least two of the transmitters are co-located. 

26. The method of claim 19 wherein the transmit signals have constant modulus. 

27. A method of spatial demultiplexing interfering signals comprising: 

25 transforming a receive signal that includes a plurality of interfering signals into a plurality of diversity 

components, the diversity components having differences in either or both amplitude distributions and 
phase distributions, and 

separating the interfering signals by processing either or both the amplitude variations and the phase 
variations of the plurality of diversity components. 
30 28. The method of claim 27 wherein the diversity components are polarization-diversity components. 

29. The method of claim 27 wherein the diversity components are frequency-diversity components. 

30. In a spatial interferometry multiplexing (SIM) method wherein a plurality of received signals received 
from a plurality of transmit signals transmitted by at least one transmitter have spatial gain 
distributions, and differences in the spatial gain distributions of different received signals is exploited 

35 by the SIM process for separating interfering signals, a method for changing the spatial gain 



2.1 



WO 01/03330 



PCT/US00/18113 



distribution of at least one of the received signals including the step of adjusting spatial gain 
distribution characteristics of at least one of the transmit signals. 

3 1 . An apparatus for spatially separating a plurality of interfering received signals, each of the received 
signals having a different amplitude-versus-frequency profile, the apparatus comprising: 

5 a diversity receiver for separating the received signals into a plurality of frequency components, and 

a spatial demultiplexer for separating the received signals in the frequency components. 

32. The apparatus of claim 31 wherein the diversity receiver includes a filter bank. 

33. The apparatus of claim 31 wherein the diversity receiver includes a single antenna. 

34. The apparatus of claim 31 wherein the spatial demultiplexer comprises: 

10 a weight generation unit for generating a plurality of weights based on the amplitude-versus- 
frequency profiles of the received signals, and 

a combining unit for weighting and combining the plurality of received signals using the generated 
plurality of weights to enhance signal to interference of at least one of the received signal by 
canceling interfering signals. 
15 39. The apparatus of claim 3 1 wherein the spatial demultiplexer separates received signals by comparing 

received signals to a constellation of points. 

35. An apparatus for spatially separating a plurality of interfering received signals, each of the received 
signals having a different amplitude-versus-frequency profile, the apparatus comprising: 

a diversity receiver for separating the received signals into a plurality of frequency components, and 
20 a correlator for separating the received signals. 

36. A method of producing diversity-encoded spread-spectrum signals comprising: 
generating at least one wideband electromagnetic signal, 

coupling an information signal onto the at least one wideband signal to produce at least one spread- 
spectrum signal, 

25 duplicating the spread-spectrum signal to generate a plurality of spread-spectrum signals, and 
diversity-encoding at least one of the spread-spectrum signals. 

37. The method of producing diversity-encoded spread-spectrum signals recited in Claim 36 wherein the 
step of diversity encoding includes at least one hem of a set of providing a time offset, polarizing, 
applying a predetermined directionality, transmitting from a plurality of spatially separated 

30 transmitters, modulating with a predetermined carrier frequency, combining with a carrier having a 
predetermined mode, and transmitting the spread-spectrum signals in at least one predetermined 
subspace channel. 

38. The method of producing diversity-encoded spread-spectrum signals recited in Claim 1 further 
comprising a step of modulating the information signal onto a carrier signal. 

35 39. A method of producing diversity-encoded spread-spectrum signals comprising: 
generating at least one information-bearing wideband radio signal, 
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generating at least one decoding signal and 

diversity-encoding at least one of the information-bearing wideband signal and the decoding signal. 

40. The method of producing diversity-encoded spread-spectrum signals recited in Claim 8 wherein the 
step of diversity encoding includes at least one item of a set of providing a time offset, polarizing, 

5 applying a predetermined directionality, transmitting from a plurality of spatially separated 

transmitters, modulating with a predetermined carrier frequency, combining with a carrier having a 
predetermined mode, and transmitting the signals in at least one predetermined subspace channel. 

41. A method of extracting information signals from a plurality of received spread-spectrum radio signals 
comprising: 

10 receiving the spread-spectrum signals, at least one of the spread-spectnim signals being a diversity- 
encoded spread-spectrum signal, 
decoding at least one of the diversity-encoded signals, and 

correlating the decoded signal with at least one of the spread-spectrum signals to produce a 
correlation signal that is indicative of information encoded in the spread-spectrum signals. 
15 42. A method of extracting information signals from a plurality of received spread-spectrum radio signals 
comprising: 

receiving the spread-spectrum signals and at least one spectrum-decoding signal, at least one of the 
spread-spectrum signals and the spectrum-decoding signal being a diversity-encoded signal, 
decoding at least one of the diversity-encoded signals to provide at least one diversity-decoded signal, 
20 and 

correlating the diversity-decoded signal with at least one of the spread-spectrum signals and the 
spectrum-decoding signal to produce a correlation signal that is indicative of information encoded in 
the spread-spectrum signals. 
43. A spread-spectrum transmitter for transmitting diversity-coded spread-spectrum radio signals, the 

25 transmitter comprising: 

a wideband-signal generator for generating at least one wideband signal, 

an information signal generator for generating at least one information signal, 

a modulator coupled to the wideband signal generator and the information signal generator for 

combining at least one information signal with at least one wideband signal for generating at least one 

30 spread-spectrum signal, and 

a diversity processor for duplicating the at least one spread-spectrum signal to provide a plurality of 
duplicate spread-spectrum signals and adjusting at least one diversity parameter of at least one of the 
duplicate spread-spectrum signals to enable separation of the adjusted signal from the at least one 
unadjusted signal 

35 44. A spread-spectrum transmitter for transmitting spread-spectrum coded, diversity-coded signals, the 
transmitter comprising: 
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a wideband-signal generator for generating at least one wideband radio signal, 
an information signal generator for generating at least one information signal, 
a modulator coupled to the wideband signal generator and the information signal generator for 
combining at least one information signal with at least one wideband signal for generating at least one 
5 spread-spectrum signal, and 

a diversity processor for adjusting at least one diversity parameter of at least one of the spread- 
spectrum signal and the wideband signal to enable separation of the adjusted signal from the at least 
one unadjusted signals. 

45. A spread-spectrum receiver for extracting an information signal from a plurality of diversity-coded 
1 0 spread-spectrum radio signals, the receiver comprising: 

a receiving system for receiving the diversity-coded spread-spectrum signals, 
a diversity processor coupled to the receiving system for diversity decoding at least one of the 
received signals to provide a plurality of signals that are highly correlated, and 
a signal combiner coupled to the diversity processor for correlating or otherwise combining the 
15 plurality of highly correlated signals to generate a correlation signal indicative of the information 

signal. 

46. A spread-spectrum receiver for extracting an information signal from at least one diversity-coded 
spread-spectrum radio signal, the receiver comprising: 

a receiving system for receiving the at least one diversity-coded signal and receiving at least one 
20 despreading signal, the received despreading signal being separable from the at least one spectrum- 

coded signal, 

a diversity processor coupled to the receiving system for diversity decoding at least one of the 
received signals to generate a plurality of signals that are highly correlated, and 
a signal combiner coupled to the diversity processor for correlating or otherwise combining the 
25 plurality of highly correlated signals to generate a correlation signal indicative of the information 

signal. 

47. A receiver for receiving and separating a plurality of information signals, the receiver including: 
a sampler for sampling received information signals to produce at least one algebraically unique 
combination of information signals, 

30 a nonlinear processor for applying a nonlinear process to at least one of the algebraically unique 
combination of information signals to increase the number of combinations, and 
a multi-user detector that provides information about at least one of the information signals in order to 
calculate at least one information-signal value. 

35 
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